F ollowing exposure to cognate pathogen-derived Ags, naive CD4 T cells differentiate into either Th1, Th2, Th17, inducible regulatory T cell, or Tr1 functional subsets that are marked by the ability to express IFN-␥, IL-4, IL-17, TGF-␤, and IL-10, respectively (1, 2) . In contrast, CD8 T cells typically develop both lytic capacity as well as the ability to express IFN-␥ (1, 3) . Although under certain circumstances CD8 cells develop the capacity to express IL-4 (4) and CD4 cells can develop lytic activity (5, 6), IFN-␥ represents the most common effector molecule whose expression potential can develop in response to antigenic priming in both T cell populations.
The differentiation of naive CD4 cells into IFN-␥-expressing Th1 effectors is a complex process that is linked to cell cycle progression and epigenetic remodeling of the Ifng gene locus toward an open structure that allows accessibility to the transcriptional machinery (7) (8) (9) (10) (11) (12) (13) . The T-box transcription factor T-bet drives this process (14) by facilitating chromatin remodeling of the Ifng locus (15) , inducing expression of the IL-12 receptor (15, 16) and acting as a transcriptional activator at the Ifng promoter (14, 17) . In CD8 cells, T-bet is not essential (18) due to the expression of Eomesodermin (Eomes) which can program IFN-␥ expression either by itself or in cooperation with T-bet (19) .
Costimulatory molecules belonging to the TNF/TNFR superfamily exert a powerful effect in programming effector T cell responses (20 -22) , and modulation of these pathways is a strategy being explored to treat cancer and autoimmunity (23) (24) (25) (26) (27) (28) . In particular, enforced stimulation of the CD134 (OX40) plus CD137 (4-1BB) costimulatory pathways potently redirects CD8 cells responding to exogenous soluble Ags to undergo both robust expansion and effector differentiation rather than tolerization and can also augment tumor immunity (29 -31) .
In the current study, we used a combination of in vitro-priming and in vivo TCR-transgenic adoptive transfer systems to compare several parameters of CD4 vs CD8 cell function that relate to effector differentiation and tolerization. In contrast to naive CD4 cells that are unable to express IFN-␥ (7) (8) (9) (10) (11) (12) , in naive CD8 cells the Ifng locus was already partially remodeled and low-level IFN-␥ expression was elicited by stimulants that bypass TCR signaling. Following antigenic priming, naive CD8 cells fully remodeled their Ifng loci and gained the capacity to express high levels of IFN-␥ more rapidly than CD4 cells. Despite this stronger tendency of CD8 cells to undergo effector differentiation and the ability of enforced OX40 plus 4-1BB dual costimulation to redirect CD8 cells responding to soluble foreign Ag to undergo robust expansion and effector differentiation, in response to parenchymally derived self-Ag enforced OX40 plus 4-1BB dual costimulation augmented clonal expansion of both CD8 and CD4 cells, but only pushed effector differentiation in CD4 cells. Additionally, similar to the previous observation that CD4 ϩ helper T cells can facilitate Ifng locus remodeling in CD8 cells primed in vitro or by viral infection in vivo (32, 33) , we found that when CD4 and CD8 cells simultaneously encountered cognate self-Ag during enforced OX40 plus 4-1BB dual costimulation, the former facilitated effector differentiation in the latter. Thus, help was selectively required to facilitate enforced OX40 plus 4-1BB dual costimulation-mediated effector differentiation when CD8 cells encounter cognate self-Ag but not soluble peptide. Taken together, these surprising results indicate that the response of CD8 cells to enforced OX40 plus 4-1BB dual costimulation is strongly influenced by the source of tolerizing Ag. Since tumor Ags are in and of themselves a form of self-Ag and can induce T cell tolerance (34 -37) , these results raise important considerations in translating the use of costimulatory agonists to enhance tumor immunity.
Materials and Methods

TCR-transgenic T cell adoptive transfers and flow cytometry
All mice were on the B10.D2 genetic background. Adoptive transfer of the indicated number of naive hemagglutinin (HA) 3 -specific Thy1.1 ϩ CFSElabeled CD8-depleted 6.5 TCR-transgenic CD4 cells (38) and CD4-depleted clone 4 TCR-transgenic CD8 cells (39) into Thy1.2 ϩ recipients that either express influenza HA as a generic parenchymal self-Ag (self-HA, transgenic founder line no.137 (40)), nontransgenic (NT) mice infected i.p. with 10 6 PFU of a recombinant vaccinia virus expressing HA (viral HA, given 1 day before adoptive transfer) or NT mice treated with i.p. boluses (100 g) of soluble K d -restricted HA peptide (given concurrent with adoptive transfer) and subsequent functional analyses were performed as previously described (41) (42) (43) . In brief, TCR-transgenic CD4 or CD8 cells (identified as Thy1.1 ϩ ) were recovered from spleens at the indicated times and analyzed for CFSE dilution or intracellular granzyme B expression directly ex vivo and intracellular cytokine expression following 5 h of in vitro restimulation with the respective cognate I-E d -or K d -restricted HA peptide or PMA plus ionomycin (PMA plus I) in the presence of brefeldin A. Total intracellular cytokine expression (expressed in arbitrary units) was calculated as the percentage of cytokine-expressing CD4 or CD8 cells multiplied by the mean fluorescence intensity (MFI) of cytokine staining on the cytokine ϩ cells as previously described (41) . As indicated, Thy1.1 ϩ double-transgenic mice containing both the clone 4 and the human Bcl-2 (44) transgenes were used as adoptive transfer donors. Also as indicated, agonistic anti-4-1BB (25 g) and/or anti-OX40 (50 g) mAbs were administered i.p. to adoptive transfer recipients 1 day following adoptive T cell transfer as previously described (29) .
Intracellular IFN-␥ staining of naive polyclonal single-positive thymocytes and peripheral T cells
NT lymph node (LN)-derived CD4 or CD8 cells and CD4 ϩ CD8 Ϫ or CD8 ϩ CD4 Ϫ single-positive thymocytes (double-positive and the reciprocal single-positive thymocytes were removed using the appropriate anti-CD4 or anti-CD8-conjugated magnetic beads; Dynal) were stimulated in vitro for 5 h with brefeldin A and either plate-bound anti-CD3 mAb or PMA plus I, and subsequently stained with anti-CD44 allophycocyanin and either anti-CD4 PerCP (BD Pharmingen) or anti-CD8 FITC (eBioscience), fixed, permeabilized, and then stained with anti-IFN-␥ PE (eBioscience) as previously described (43) .
In vitro priming of naive polyclonal T cells
NT LN cells were immunomagnetically depleted of CD44 ϩ cells and cultured 2 days with soluble anti-CD3 mAb (5 g/ml; eBioscience) plus IL-2 (50 U/ml; NCI Biological Research Branch), IL-12 (2.5 U/ml; SigmaAldrich), and IFN-␥ (50 ng/ml; R&D Systems), with fresh medium and cytokines added daily. Cells harvested at the indicated times were either restimulated for 5 h with PMA plus I plus brefeldin A and subsequently stained for CD44, CD4, or CD8 and intracellular IFN-␥ as described above, or RNA was directly extracted for real-time RT-PCR analysis.
Enrichment of T cells, chromatin immunoprecipitation (ChIP), and RT-PCR
NT naive CD8
ϩ CD4 Ϫ and CD4 ϩ CD8 Ϫ thymocytes and LN-derived naive CD4 and CD8 cells were enriched by first depleting CD44 ϩ cells (to remove memory CD8 and CD4 cells as well as NKT cells) and then depleting either CD4 ϩ or CD8 ϩ cells using the appropriate magnetic beads (Dynal). At the indicated times before or after in vitro priming, CD8 and CD4 cells were positively enriched via MACS columns using anti-CD8 or CD4 PE, respectively, and anti-PE microbeads (Miltenyi Biotec), resulting in purities of at least 98% (data not shown). These purified naive or primed CD8 and CD4 cells were then either subjected directly to ChIP analysis or restimulated for 3 h with PMA plus I for RT-PCR analysis (3 ϫ 10 5 cells/ sample were used for each assay). Adoptively transferred clone 4 ϫ Bcl-2 double-transgenic CD8 cells (Thy1.1 ϩ ) were purified for ChIP using a FACSVantage SE cell sorter (BD Biosciences) (purities generally exceeded 99%). Adoptively transferred wild-type clone 4 TCR-transgenic CD8 cells subjected to enforced OX40 plus 4-1BB dual costimulation were purified for ChIP via depletion of B220 ϩ and CD4 ϩ cells using magnetic beads followed by positive enrichment of Thy1.1 ϩ cells using MACS columns (purities were 98 -99%).
Quantitative real-time PCR-based ChIP analysis to measure acetylated histone H3 (AcH3) within the Ifng proximal promoter was performed as previously described (43) , except that primers specific for the GPDH promoter (forward, 5Ј-ACGGGGACCCAGGAGAACTG and reverse, 5Ј-TAGTTGCCGCTGCCAAACAC (45)) were used as the normalizing standard for ⌬C T calculations. Additionally, the amount of AcH3 in experimental samples was calculated as the fold difference (⌬⌬C T value) relative to either naive CD4 cells (for in vitro-priming experiments) or naive TCR-transgenic CD8 cells (for adoptive transfer experiments), which were both assigned an arbitrary value of 1.0.
Quantitative real-time PCR-based RT-PCR was performed as previously described (43) , with the following modifications. T-bet and Eomes mRNA levels in in vitro-primed T cells were calculated by directly comparing C T values for each sample (containing 3 ϫ 10 5 cell equivalents) with naive CD4 cells that were assigned an arbitrary value of 1.0. T-bet and Eomes mRNA levels in recovered adoptively transferred TCR-transgenic CD8 cells were determined by first calculating ⌬C T values between T-bet or Eomes with HPRT and then calculating the fold difference (⌬⌬C T value) between each experimental sample and naive TCR-transgenic CD8 cells which were assigned an arbitrary value of 1.0. The T-bet primers have been described elsewhere (43) and the Eomes primers were forward, 5Ј-TATAACGGTGAGAGAACCGT GCCA and reverse, 5Ј-ACCATATGGGAGCAAGGTACTGGA.
All ChIP and RT-PCR samples were run in duplicate using the cycling conditions of 95°C for 10 min, then 45 cycles of 95°C for 20 s and 59°C for 60 s. SYBR Green fluorescence was measured during the annealing/extension step.
Results
Naive CD8 cells have a stronger tendency to differentiate into IFN-␥-expressing effectors compared with naive CD4 cells
In response to both strong and weak immunogenic forms of HA Ag, adoptively transferred naive HA-specific clone 4 TCRtransgenic CD8 cells develop a more robust capacity to express IFN-␥ compared with naive HA-specific 6.5 TCR-transgenic CD4 cells (42) . Since these experiments used transgenic T cells expressing fixed TCRs, it could not be ruled out that the different capacities to express IFN-␥ simply resulted from differences in either the affinities/avidities of the two transgenic TCRs for their cognate MHC-peptide complexes or processing/ presentation of the cognate peptides. To examine the intrinsic abilities of naive CD4 vs CD8 cells to express IFN-␥, naive polyclonal T cells from NT mice were primed in vitro with Ag-nonspecific stimuli. To first establish the baseline of IFN-␥ expression potential in mature naive T cells, single-positive thymocytes and LN cells were directly stimulated with either anti-CD3 mAb or PMA plus I (Fig. 1 ). Since memory T cells constitute a portion of both the normal peripheral T cell repertoire as well as the single-positive thymocyte population (which have reentered the thymus following priming in the periphery (46)), IFN-␥ expression was analyzed in relation to the memory marker CD44. As expected, CD44
high CD4 and CD8 memory T cells in both the thymus and LN expressed high levels of IFN-␥ following stimulation with either anti-CD3 or PMA plus I (albeit PMA plus I-induced expression was higher). Also, memory CD8 cells expressed more IFN-␥ than memory CD4 cells (Fig.  1A) , mirroring the previous observation that adoptively transferred TCR-transgenic CD8 cells express more IFN-␥ following immunization with a recombinant vaccinia virus compared with TCR-transgenic CD4 cells (42) . A negligible proportion of CD44 low naive CD4 cells from both the thymus and LN expressed IFN-␥ in response to either anti-CD3 or PMA plus I (Fig. 1A) , consistent with the well-established finding that naive CD4 cells cannot express IFN-␥ because the Ifng gene locus exists in a closed/repressed epigenetic configuration before Th1 differentiation (7) (8) (9) (10) (11) (12) . In contrast, ϳ10% of CD44 low naive CD8 ϩ CD4 Ϫ single-positive thymocytes and ϳ20% of peripheral CD44 low CD8 cells expressed moderate levels of IFN-␥ in response to PMA plus I stimulation (Fig. 1A) . A similar CD8 cell IFN-␥ expression pattern was also observed when the memory marker CD11a (47) was used to distinguish naive from memory cells (data not shown). The ability of PMA plus I, but not anti-CD3, to elicit IFN-␥ expression in naive CD8 cells is likely due to the less efficient TCR-proximal signaling apparatus in naive compared with memory T cells (48, 49 ) that can be bypassed by PMA plus I, but not anti-CD3. Nevertheless, the fact that PMA plus I did not elicit IFN-␥ expression in naive CD4 cells indicates that naive CD8 cells selectively acquire a partial ability to express this effector cytokine.
To analyze the development of IFN-␥ expression potential in naive polyclonal CD8 vs CD4 cells following antigenic priming, LN cells were depleted of CD44 ϩ memory cells, primed in vitro with anti-CD3 under Th1 differentiation conditions, and IFN-␥ expression was subsequently measured following restimulation with PMA plus I (Fig. 1B) . At 24 h after priming, both CD4 and CD8 cells expressed enhanced IFN-␥ levels compared with their nonprimed (day 0) naive progenitors, although expression was severalfold greater in CD8 cells. IFN-␥ expression was further enhanced in both CD4 and CD8 cells at day 2 after priming, although expression remained substantially higher in CD8 cells. IFN-␥ mRNA expression measured by real-time RT-PCR in these same in vitroprimed T cell populations generally paralleled IFN-␥ protein levels (data not shown).
To become capable of transcribing IFN-␥ mRNA, T cells must first remodel the Ifng gene from a closed/repressed to an open epigenetic configuration (1, 3, 7-13, 50, 51) . Thus, the differential abilities of naive and primed CD8 vs CD4 cells to express IFN-␥ might be influenced by the degree to which this epigenetic transformation has occurred. Since acetylation of histone H3 (AcH3) at the Ifng proximal promoter is an early and well0characterized epigenetic event that correlates with the acquisition of transcriptional competence (8, 9), a real-time PCR-based ChIP assay (43) was used to compare the amount of AcH3 at this genomic site in naive and primed CD8 vs CD4 cells (Fig. 1C) . Naive (CD44-negative) CD8 ϩ CD4 Ϫ thymocytes exhibited a minimal increase in AcH3 relative to CD4 ϩ CD8 Ϫ counterparts. Nevertheless, this difference increased to ϳ2-fold in naive peripheral T cells ( p ϭ 0.0004 by paired t test), consistent with a previous study detecting a low amount of AcH3 at the Ifng promoter in naive CD8 cells (32) . Given that only 10 -20% of the naive CD8 cells expressed IFN-␥ in response to PMA plus I (Fig. 1, A and B) , it might be possible that the modest increase in AcH3 observed in naive CD8 relative to CD4 cells reflects the average between naive CD8 cells that have undergone extensive Ifng locus remodeling and those that have not. Nevertheless, although AcH3 at the Ifng proximal promoter progressively increased in both CD8 and CD4 cells following in vitro priming, it remained 2-to 3-fold greater in CD8 cells at each time point (Fig. 1C) , paralleling the relative differences in PMA plus I-induced IFN-␥ expression (Fig. 1B) . Taken together, these data indicate that naive CD8 cells at the population level have a stronger tendency to undergo effector differentiation compared with CD4 cells.
IFN-␥ expression potential in self-Ag-tolerized CD8 cells
Having compared the innate capacities of naive CD4 vs CD8 cells to differentiate to IFN-␥-expressing effectors, we wished to characterize IFN-␥ expression potential in CD8 cells undergoing selfAg-induced tolerization using a system in which tolerogenic CD4 cell responses were previously characterized. Thus, when naive 6.5 HA-specific TCR-transgenic CD4 cells are adoptively transferred into C3-HA-transgenic mice that express HA as a generic parenchymal self-Ag (self-HA), they initially proliferate and partially remodel their Ifng loci toward an open configuration, but ultimately develop an anergic phenotype. In contrast, when the same TCR-transgenic CD4 cells are transferred into NT mice infected with a recombinant vaccinia virus expressing HA (viral HA), they proliferate and differentiate into Th1 effectors (40, 52) .
HA-specific clone 4 TCR-transgenic CD8 cells adoptively transferred into viral HA and self-HA recipients displayed equivalently robust CFSE dilution patterns (Fig. 2A) ; however, the frequency of accumulated TCR-transgenic CD8 cells was Ͼ10-fold lower in self-HA compared with viral HA recipients (Fig. 2B) . Additionally, the self-HA-exposed TCR-transgenic CD8 cells that were present at days 1 through 4 after transfer expressed considerably lower amounts of both IFN-␥ and TNF-␣ in response to HA peptide restimulation compared with their viral HA counterparts (Fig.  2, C and D) . This self-Ag-induced tolerogenic response where CD8 cells proliferate but fail to accumulate and develop effector activities is consistent with previous work (53) .
We next asked whether Ifng locus remodeling occurs during CD8 T cell tolerance induction. First, IFN-␥ expression was measured following stimulation with PMA plus I, which bypasses TCR-proximal signaling steps (16) . At 4 days after transfer, PMA plus I-restimulated tolerized TCR-transgenic CD8 cells recovered from self-HA recipients expressed IFN-␥ at levels that were only 2-to 3-fold lower than in viral HA-primed effectors (Fig. 2, C and  D) . These data suggested that the Ifng locus partially remodels during CD8 cell tolerance induction, although it was curious that PMA plus I-induced IFN-␥ expression in both virally primed effector and self-Ag-tolerized cells increased at day 1, decreased at day 2, and then rebounded at day 4. The basis for this biphasic response is unclear, but given that chromatin remodeling generally progresses in a linear manner (Ref. 7 and Fig. 1 ), this result suggested that in contrast to CD4 cells (52) the level of PMA plus I-induced IFN-␥ expression may not always reflect the extent of Ifng locus remodeling in tolerized CD8 cells.
It was not possible to perform ChIP analysis to directly assess the extent of Ifng locus remodeling in tolerized CD8 cells using this model due to the low frequency of TCR-transgenic CD8 cells recovered from self-HA-expressing recipients (Fig. 2B) . To get around this issue, adoptive transfers were performed using TCRtransgenic CD8 cells overexpressing the anti-apoptotic molecule Bcl-2 since it has been reported in an analogous system that Bcl-2 overexpression increases TCR-transgenic CD8 cell recovery without altering functional activity (54) . Consistent with this previous study, in our system TCR-transgenic CD8 cells overexpressing Bcl-2 proliferated to the same extent as their wild-type counterparts but accumulated to substantially higher frequencies following adoptive transfer into both viral HA and self-HA recipients. Additionally, Bcl-2-overexpressing TCR-transgenic CD8 cells developed similar capacities to express IFN-␥ and TNF-␣ in response to either HA peptide or PMA plus I restimulation compared with their wild-type counterparts (data not shown).
When ChIP was performed on Bcl-2-overexpressing adoptively transferred TCR-transgenic CD8 cells recovered from self-HA and viral HA recipients 4 days after transfer, AcH3 at the Ifng proximal promoter was ϳ2-fold greater ( p ϭ 0.01, this and all subsequent p values were calculated using the unpaired two-tailed t test) in viral HA compared with self-HA recipients (Fig. 2F) , paralleling the relative abilities of these TCR-transgenic CD8 cells to express IFN-␥ in response to PMA plus I (Fig. 2, C and D, and data not shown).
Enforced OX40 plus 4-1BB dual costimulation fails to redirect self-Ag-induced CD8 cell tolerization toward effector differentiation
We next asked whether self-Ag-induced CD8 cell tolerization could be redirected toward effector differentiation. Since the TNF/ TNFR superfamily member costimulatory molecules OX40 (CD134) and 4-1BB (CD137) when ligated simultaneously have a powerful effect in boosting both expansion and effector differentiation in CD8 cells responding to exogenous soluble Ag (29, 31) , agonistic anti-OX40 and anti-4-1BB mAbs were coadministered to self-HA and viral HA TCR-transgenic CD8 cell-adoptive transfer recipients (Fig. 3) . Enforced OX40 plus 4-1BB dual costimulation substantially augmented TCR-transgenic CD8 cell accumulation in both recipients (Fig. 3A) . The ability of virally primed CD8 cells to express IFN-␥ and TNF-␣ was already near maximal and thus not surprisingly enforced dual costimulation had little impact on this robust effector activity (Fig. 3B) . Strikingly, however, enforced dual costimulation failed to augment the weak IFN-␥ and TNF-␣ expression potentials that develop in TCR-transgenic CD8 cells encountering self-HA (Fig. 3B) . Thus, TCR-transgenic CD8 cells encountering cognate self-Ag clearly responded to enforced OX40 plus 4-1BB dual costimulation as shown by their 18-fold increase in expansion; however, their ability to produce effector cytokines was not enhanced.
The failure of enforced OX40 plus 4-1BB dual costimulation to redirect naive clone 4 HA-specific TCR-transgenic CD8 cells encountering cognate self-Ag to undergo effector differentiation was quite surprising, given that OT-I TCR-transgenic CD8 cells responding to exogenous cognate-soluble OVA peptide as well as V␤3 ϩ CD8 cells responding to bacterial superantigen can be redirected to develop robust effector functions (29, 31) . To reconcile these differences, the effect of enforced OX40 plus 4-1BB dual costimulation on the response of clone 4 TCR-transgenic CD8 cells to exogenous soluble HA peptide was tested (Fig. 4) . Soluble HA peptide boluses were either administered once or daily to mimic the persistence of self-Ag (a regimen that impairs subsequent recall responsiveness; data not shown). With both regimens, enforced dual costimulation markedly enhanced TCR-transgenic CD8 cell accumulation (Fig. 4A) , just as it did in the OT-1 and superantigen systems (29, 31) . However, in marked contrast to the failure of enforced dual costimulation to augment IFN-␥ and TNF-␣ expression potentials in response to self-Ag (Fig. 3B) , enforced dual costimulation substantially augmented IFN-␥ and TNF-␣ expression capacities in response to both a single and daily boluses of HA peptide (Fig. 4B) .
As summarized in Table I , enforced OX40 plus 4-1BB dual costimulation robustly redirected TCR-transgenic CD8 cell tolerance induction toward effector differentiation in response to soluble exogenous HA peptide but not parenchymal self-HA. Thus, with HA peptide, enforced dual costimulation increased the absolute magnitude of IFN-␥ expression by 87-fold and the proportion of cells simultaneously producing both IFN-␥ and TNF-␣ by 56-fold. In contrast, with self-HA, enforced dual costimulation only increased these values by 0.8-and 1.5-fold, respectively. Additionally, enforced OX40 plus 4-1BB dual costimulation elicited levels of IFN-␥ expression with exogenous peptide that were 9-fold greater than with self-HA.
The observation that enforced OX40 plus 4-1BB dual costimulation was able to redirect tolerogenic CD8 cell responses to exogenous peptide but not self-Ag stood in contrast to a previous study demonstrating that enforced OX40 costimulation redirects adoptively transferred AND TCR-transgenic CD4 cells to develop the capacity to express IFN-␥, rather than developing a fully tolerant phenotype in recipients that express the cognate pigeon cytochrome c epitope as a self-Ag (55) . To thus assess whether the inability of enforced costimulation to redirect tolerogenic anti-self CD8 cell responses toward effector differentiation is the consequence of a specific peculiarity of our C3-HA-transgenic system that precludes effector T cell function, we tested the response of cognate CD4 cells in this system. As previously observed (52), adoptively transferred 6.5 TCR-transgenic HA-specific CD4 cells recovered from spleens of self-HA recipients only expressed minimal amounts of IFN-␥ and TNF-␣ following restimulation with HA peptide (Fig. 5B) . Notably, TCR-transgenic CD4 cells recovered from self-HA recipients receiving enforced OX40 costimulation not only accumulated to greater frequency (Fig. 5A ) but also expressed both IFN-␥ and TNF-␣ at levels that were even greater than in viral HA recipients (Fig. 5B) . Additionally, enforced OX40 plus 4-1BB dual costimulation redirected TCR-transgenic CD4 cells encountered self-HA to undergo even more robust expansion (Fig. 5C ) and effector differentiation (Fig. 5, D and E) . Taken together, the combined results from Figs. 3-5 suggest that although both CD4 and CD8 cells can be redirected by enforced OX40 plus 4-1BB dual costimulation to undergo effector differentiation rather than tolerization, self-Ag prevents effector differentiation when enforced dual costimulation is provided to CD8 cells.
Enforced OX40 plus 4-1BB dual costimulation fails to alter epigenetic remodeling of the Ifng locus in naive CD8 cells encountering cognate self-Ag
The failure of enforced OX40 plus 4-1BB dual costimulation to augment IFN-␥ expression in TCR-transgenic CD8 cells exposed to cognate self-Ag might have resulted from an inability to program more complete remodeling of the Ifng gene locus. Alternatively, the Ifng locus might have fully remodeled, but the persistent presentation of self-Ag induced nonepigenetic lesions that dampen IFN-␥ expression. To address this question, ChIP analysis was performed on adoptively transferred TCR-transgenic CD8 cells recovered from dual costimulation-treated viral HA, soluble HA peptide, and self-HA recipients. With enforced dual costimulation, AcH3 at the proximal promoter was 2-fold lower ( p ϭ 0.02) in self-HA compared with viral HA recipients (Fig. 6A) , similar to the difference observed without enforced costimulation (Fig. 2F) . 4. Enforced OX40 plus 4-1BB dual costimulation potently redirects soluble peptide-induced CD8 cell tolerance induction toward effector differentiation. Naive wild-type TCR-transgenic CD8 cells (1 ϫ 10 6 ) were adoptively transferred into NT recipients that were treated with either a single bolus of soluble HA peptide on day 0 (1ϫ) or daily peptide boluses on days 0 -3 (4ϫ) and that did or did not receive enforced dual costimulation (DCo). In all groups, the TCR-transgenic CD8 cells were recovered from spleens on day 4. A, TCR-transgenic CD8 cell accumulations, n ϭ 3-4/group. B, Representative FACS plots of intracellular IFN-␥ vs TNF-␣ following restimulation with HA peptide or PMA ϩ I.
Additionally, AcH3 at the proximal promoter was 1.5-fold lower ( p ϭ 0.02) in self-HA compared with soluble HA peptide recipients (Fig. 6A) .
Ifng locus remodeling in CD8 cells can be regulated through the combined actions of T-bet and Eomes (19) . The failure of enforced OX40 plus 4-1BB dual costimulation to augment Ifng locus remodeling in CD8 cells encountering cognate self-Ag could thus be due to a failure to augment expression of one or both factors. With enforced dual costimulation, expression of T-bet mRNA in self-HA recipients was 3-fold lower ( p Ͻ 0.0001) compared with viral HA recipients and 2-fold lower ( p ϭ 0.003) compared with soluble HA peptide recipients (Fig. 6B) , paralleling the relative differences in AcH3 at the proximal promoter (Fig. 6A) . Interestingly, Eomes mRNA expression in all three recipient groups remained unchanged compared with naive TCR-transgenic CD8 cells (Fig. 6B) . Verifying the specificity of the T-bet and Eomes primers used in the real-time RT-PCR assay, T-bet mRNA was induced in both polyclonal naive CD8 and CD4 cells following in vitro priming, whereas Eomes mRNA was only induced in CD8 cells (Fig. 6C) as previously observed (19) . Taken together, these data suggest that the in vivo regulation of Ifng locus remodeling in CD8 cells during enforced OX40 plus 4-1BB dual costimulation is regulated via a pathway that involves T-bet but not Eomes.
CD4 T cell help rescues the ability of enforced OX40 plus 4-1BB dual costimulation to redirect self-Ag-induced CD8 cell tolerization toward effector differentiation
Costimulatory agonists specific for TNF/TNFR family members such as OX40 and 4-1BB are currently being explored as cancer Fig. 4 , n ϭ 3-4/group. c Quantification of self-HA data in Fig. 3 , n ϭ 3/group.
therapeutics (25) (26) (27) (28) (29) (30) (31) . Because anti-OX40 plus anti-4-1BB selectively failed to push effector differentiation in CD8 cells encountering cognate self-Ag and tumor Ags are in and of themselves a form of self-Ag, we wished to understand the mechanistic basis of this result as well as how enforced OX40 plus 4-1BB dual costimulation-mediated CD8 cell effector differentiation might be rescued. It is well established that CD4 cell help can augment CD8 cell responses (56, 57) and, in particular, CD4 cell help has recently been shown to facilitate Ifng locus remodeling in CD8 cells primed in vitro or by viral infection in vivo (32, 33) . Since enforced OX40 plus 4-1BB dual costimulation was able to redirect CD4 cells encountering cognate self-Ag to become robust effectors (Fig. 5) , we therefore asked whether OX40 plus 4-1BB dual costimulation would be able to push CD8 cell effector differentiation if CD4 cells were simultaneously encountering cognate self-Ag (Fig. 7) . Cotransfer of TCR-transgenic CD4 cells into anti-OX40 plus anti-4-1BB-treated self-HA recipients doubled both the frequency of TCR-transgenic CD8 cells that could express both IFN-␥ and TNF-␣ ( p ϭ 0.02; Fig. 7A ) as well as the total level of IFN-␥ expression ( p ϭ 0.03; Fig. 7B ). Even more strikingly, the inclusion of CD4 cell help increased granzyme B expression in CD8 cells by 61-fold ( p ϭ 0.0002; Fig. 7, C and D) . Thus, CD4 cell help is selectively required to facilitate enforced OX40 plus 4-1BB dual costimulation-mediated effector differentiation when CD8 cells encounter cognate self-Ag (Fig. 7) but not soluble peptide (Fig. 4) .
Discussion
Owing to their specific roles in conferring immunity, CD8 and CD4 cells exhibit numerous functional differences. For instance, CD8 cells have greater proliferative capacity (58, 59) and develop a more stable memory following viral infection (59, 60) . CD8 and CD4 cells also require different costimulatory signals for optimal activation (61, 62) . Additionally, during in vitro priming, CD8 cells only require transient antigenic stimulation to differentiate into effectors (63, 64) , whereas CD4 cells generally require longer periods of antigenic stimulation and/or extrinsic cytokines (65, 66) . The ability to produce IFN-␥ represents the major effector function that commonly develops in both CD8 and CD4 cells, although the precise contributions of trans-acting factors that program IFN-␥ expression potential can differ (18, 19) . Using in vivo TCR-transgenic adoptive transfer systems, we previously observed FIGURE 6. Enforced OX40 plus 4-1BB dual costimulation fails to alter epigenetic remodeling of the Ifng locus in naive CD8 cells encountering cognate self-Ag. Naive wild-type TCR-transgenic CD8 cells (1 ϫ 10 6 ) were adoptively transferred into anti-OX40 plus anti-4-1BB-treated viral HA, 4ϫ soluble HA peptide, and self-HA recipients and enriched from spleens 4 days after transfer. A, AcH3 within the Ifng proximal promoter, n ϭ 3/group. B, Expression of T-bet and Eomes mRNAs were quantified by real-time RT-PCR. n ϭ 4, 3, and 9 for viral HA, 4ϫ soluble HA peptide, and self-HA, respectively. C, Expression of T-bet and Eomes mRNAs in in vitro-primed polyclonal CD4 and CD8 cells, n ϭ 4/group. that in response to both strong and weak immunizing stimuli, naive TCR-transgenic CD8 cells develop the capacity to express IFN-␥ more readily than naive TCR-transgenic CD4 cells (42) . Based on our current study, this observation is likely explained by the stronger tendency of CD8 cells to differentiate into IFN-␥-expressing effectors.
The stronger tendency of CD8 relative to CD4 cells to express IFN-␥ correlates with a partial remodeling of the Ifng gene locus that occurs during development and a more rapid remodeling toward a fully accessible configuration in response to antigenic priming. In lymphocytes such as NK, NKT, and ␥␦ T cells that express invariant receptors specific for common pathogen-associated determinants, the Ifng locus is already fully remodeled and high-level IFN-␥ expression is elicited in response to primary stimulation (67) (68) (69) . Our current data thus indicate that CD8 cells occupy an intermediate position within a continuum where at the one extreme the Ifng locus undergoes complete remodeling in invariant receptor-expressing lymphocytes during development, but at the other extreme does not commence until antigenic priming in CD4 cells (7, 9, 13) . Although the capacity of invariant receptor-expressing lymphocytes to rapidly express IFN-␥ upon primary stimulation fits with their role in providing innate immune functions (70, 71) , the reason for accelerated development of IFN-␥ expression potential in CD8 cells is less apparent. Thus, since a limited number of pathogen-specific naive CD8 cells must first undergo expansion and further differentiation before gaining the capacity to directly participate in clearing infections, it is not clear how IFN-␥ expression immediately following antigenic priming could facilitate pathogen clearance. One possibility is that the more rapid remodeling of the Ifng locus allows primed CD8 cells to express peak IFN-␥ levels more rapidly. An alternate, but nonmutually exclusive, possibility is that because IFN-␥ can enhance APC function (72), IFN-␥ produced by naive CD8 cells during the initial phase of antigenic priming augments later stages of CD8 and/or CD4 cell priming.
Given the stronger tendency of naive CD8 cells to undergo effector differentiation compared with naive CD4 cells as well as the potent ability of enforced OX40 plus 4-1BB dual costimulation to redirect CD8 cells encountering soluble foreign Ag and CD4 cells encountering cognate self-Ag to undergo effector differentiation rather than tolerization, it was striking that enforced OX40 plus 4-1BB dual costimulation failed to push effector differentiation in naive CD8 cells encountering cognate self-Ag. This failure was not caused by a unique peculiarity of our C3-HA-transgenic self-Ag model system that precludes CD8 cell effector differentiation per se, since CD8 cells subjected to blockade of negative costimulatory pathways such as PD-1/B7-H1 (PD-L1) are redirected from tolerance induction toward effector differentiation (73) . Additionally, this failure was not caused by a general inability of CD8 cells encountering self-Ag to respond to enforced OX40 plus 4-1BB dual costimulation since expansion was dramatically boosted. In fact, it appears that enforced OX40 plus 4-1BB dual costimulationdriven expansion and effector differentiation can be independently regulated because CD8 cells exposed to exogenous soluble peptide undergo weaker expansion but greater effector differentiation compared with self-Ag. An alternate explanation for this paradoxical result is that the particular combination of APC that present cognate Ag determines the outcome of CD8 cell responses during enforced OX40 plus 4-1BB dual costimulation. The antitumor effect of enforced OX40 plus 4-1BB dual costimulation in different models may therefore depend on the particular APC populations that present the relevant tumor Ags. It is nevertheless notable that in our system CD4 cell help can rescue the ability of enforced OX40 plus 4-1BB dual costimulation to facilitate effector differentiation in CD8 cells encountering cognate self-Ag, which should provide an important clue as to how costimulatory agonists can be translated into effective cancer therapeutics.
